ABSTRACT In this paper, the cross polar radiation of rectangular microstrip patch antenna due to its own lowest order dominant TM 10 mode has been investigated thoroughly. The nature of the field distribution beneath the patch is found to be the key reason for cross polar radiation of such patch antenna. A quick hand computer aided design formulation has been proposed to compute the approximate cross polar radiation peak gain as well as its position in elevation plane. Based on the theoretical view, a simple single layer T shaped microstrip antenna has also been proposed for the improvement in cross polarization suppression of rectangular microstrip antenna.
I. INTRODUCTION
In the present era, with the expeditious development of modern microwave and wireless communication systems, antennas having low profile, light weight and compatibility with MMIC along with high radiation performance are in the spotlight in current research. In this perspective, rectangular microstrip patch antennas (RMAs) are becoming increasingly popular as they have a low-profile and simple configuration with low fabrication cost. A RMA ( fig. 1 ) radiates along the broadside of the element in its fundamental mode (TM 10 ) , and the field is primarily linearly polarized called co-polarized (CP) radiation [1] . Nevertheless, a considerable amount of orthogonally polarized radiation called cross-polarized (XP) radiation takes place and was indicated in [1] and [2] . This XP radiation is more significant in H plane (ϕ = 90 • plane) than that of in E plane (ϕ = 0 • plane) as obtained in open literature [3] . In fact, the angular region along the broadside direction in H plane, over which the copolarized radiation to cross-polarized radiation isolation level (CP-XP isolation level) is 20 dB, are only a few degrees (around θ = −30 • to +30 • ). Hence, if not effectively suppressed such XP radiation can severely limit use of such antennas in numerous practical applications.
For example, the issue of CP-XP isolation of RMA is very much crucial for the design of fully polarimetric synthetic aperture radars (SARs) [5] . CP-XP isolation better than 25 dB is desirable over the whole angular range (i.e. θ = −180 • to +180 • ) for more convenient polarimetric data calibration in case of dual-polarized antennas and in C-band SARs in maritime surveillance applications [5] . High CP-XP isolation over whole angular range is significantly required for dualpolarized hybrid antenna array operating in the 2.6-GHz band (2550-2650 MHz) for 5G multi-input multi-output communication system [6] . Therefore, RMA with improved CP-XP isolation is very much obvious in such applications. Such RMA with good CP-XP isolation is also useful for dual polarized WLAN and WiMAX applications. Thus, suppression of XP radiation and CP-XP isolation improvement are very challenging issues for investigation to the microstrip antenna researchers.
In recent years, a number of considerable efforts have been made by scientific community to investigate and improve the XP performance of RMA. The most successful techniques are the exploitation of defected ground structure (DGS), defected patch surface (DPS) and the shorted patch configurations. The employment of DGS to improve CP-XP isolation for RMA is a very widespread technique and was reported in [7] - [10] . These reports illustrated the use of dumbbell DGS [7] , simple slot type DGS [8] , circular headed dumbbell type DGS [9] in RMA where 15-25 dB of XP radiation suppression compared to conventional RMA was revealed over whole angular region. Asymmetric DGS integrated RMA structures were exploited in [10] to achieve 15-20 dB of XP suppression compared to conventional RMA. However, it is very interesting to observe that when the lower side of DGS is folded out, it yields the best result [10] . Another recent investigation [11] shows the involvement of both the DGS structure and modification of patch geometry shows around 20 dB of XP suppression compared to conventional RMA over whole angular region.
Some defected patch structures (DPS) and shorted patch configurations were reported in [12] - [15] , which show around 25-35 dB of XP isolation over whole angular region.
However, in all these papers [7] - [15] , it was emphasized that the radiation from the non-radiating edges of a RMA was considered primarily responsible for XP radiation. It was also indicated in [7] - [15] that such spurious radiation occurs due to weak excitation of TM 02 mode in the close vicinity of non-radiating edges of RMA. Consequently, many efforts have been made to perturb TM 02 mode fields to minimize the radiation from non-radiating sides of RMA. However, the influence of the dominant mode on the XP characteristics of RMA has not been explored till date and this led the authors to the quest of investigating the impact of the dominant mode on the XP characteristics of RMA.
In this paper, authors have presented that radiation due to the corner fields of dominant TM 10 mode, which are present beneath the corners of the patch are responsible primarily rather than weak excitation of TM 02 mode near the nonradiating edges for generation of XP radiation from a RMA. In fact, the present paper shows that the XP characteristics of a RMA can be explored considering only the dominant mode behavior and the CP-XP isolation can be immensely improved by modifying the field distribution of the antenna. The present work showers the light into this fact and therefore germinates a clear physical understanding into the phenomenon. A quick hand but accurate CAD formulation is also presented to investigate the XP profile and to estimate its approximate peak of simple RMA structures. In this work, instead of giving effort to suppressing the radiations from non-radiating edges, authors have emphasized to increase more radiations from the upper half section of non-radiating edge of RMA. Hence, authors have proposed a simple and single layer T shaped microstrip antenna to improve the CP-XP isolation of the antenna. This results into symmetrical radiation from lower and upper half sections of the patch and therefore CP-XP isolation improves significantly. In the proposed structure, around 10 dB reduction of XP radiation compared to that of a conventional RMA is observed the entire angular range (i.e. θ = −180 • to +180 • ) in H plane. When a RMA (at high frequency i.e. small L and at low frequency i.e. large L) is fed with a probe, the resulting current lines on the patch surface is shown in fig. 2 (a) and (b). More deviation of current lines is expected for high frequency RMA than that of low frequency RMA as shown in figures. As a result, electric and magnetic fields beneath the patch are significantly altered in case of high frequency RMA (small L). Therefore, the field distributions beneath the high frequency RMA do not exactly follow the classical cavity model [3] . The probable distribution of electromagnetic fields beneath the patch is presented in fig. 2 (c) for high frequency RMA. It is clear from the figure that the electric field distribution over the substrate between lower and upper half section of the patch is not symmetric due to the placement of feed nearer the centre. The resulting field variations of TM 10 mode near patch non-radiating edge as well as patch corners are depicted in figure 2(d) and (e). The horizontal component of the electric fields near patch corners ( Fig. 2(e) ) is mainly responsible for cross polar radiation due to TM 10 mode. Therefore, in case of high frequency RMA, the radiation from upper corners and the lower corners of the patch cannot cancel each other in spite of their 180 • phase difference. It may be noted that the effect is not so much noteworthy in case of RMA at lower frequency. In fact, at relatively lower frequency, the length L and width W of the patch increase. VOLUME 6, 2018 FIGURE 2. Electric current lines for a probe fed patch (a) for high frequency (small L), (b) for low frequency (large L), (c) Possible E and H field distribution over substrate beneath the high frequency patch, (d) Electric field distribution near non radiating edges, (e) Electric fields at patch corners, Simulated E Field distribution on substrate for (f) high frequency patch, (g) low frequency patch.
Therefore, the optimum feed position shifts from the centre towards the edge [16] . Hence, the electric current lines are not perturbed much ( Fig. 2(b) ) as they get more space over the patch surface. The electric current lines follow moderately straight paths from lower to upper section of patch and vice versa as expected. Thus, the field over the substrate beneath the patch is not so much changed than classical model and produces nearly symmetrical field distribution between lower and upper half section of the patch. This is one of the reasons for generation of low XP radiation from a low frequency RMA compared to that of a high frequency RMA. Nevertheless, slight asymmetry in field distribution over the substrate is still there between lower and upper half section of the patch and hence some low degree XP radiation still exists for low frequency patch. The simulated electric field distributions over the substrate for high and low frequency patches (L = 6 and 30 mm, W = 9 and 45 mm, ε r = 2.33 with substrate thickness h = 1.575 mm and f = 12.7 GHz and 3.16 GHz) are shown in Fig. 2(f) and (g) . Indeed, the conjecture of the re-orientation of field distribution is in excellent agreement with simulated electric field distributions in both the cases.
B. THEORETICAL ANALYSIS OF CROSS POLARIZED RADIATION OF RMA DUE TO ITS DOMINANT TM 10 MODE
In the present analysis, four slots of dimensions equivalent to the dimensions of fringing length ( L) and fringing width ( W ) have been assumed at the patch corners. It is also assumed that the slots are uniformly excited by the patch corner fields of TM 10 mode which is mostly valid for relatively lower frequency patches. The schematic of 2 × 2 slot array is shown in Fig. 3 . The radiation pattern of RMA can be determined from the far zone fields, which can be obtained from stationary phase evaluation technique [3] considering x and y directed currents.
Transformation of x and y coordinates to θ and φ coordinate yields [17] 
Multiplying (1) by sin ϕ cos θ and (2) by cos ϕ; and then adding the resulting equations yield
It may be noted that the XP fields i.e the E y component of the radiated fields must be from the corners of the patch. Therefore, it is clear that the radiations from the slots near the corners (Fig. 3) are responsible for it. Hence, the XP fields in TM 10 mode is the contribution from the slots of width W and hence, from [3] , we may write that,
and
2 sin θ cos φ × cos θ sin φ (6) Therefore, from equation (4), we may write the XP field E y as
However, it may be shown that the factor
is very small and may be approximated to 1 for a patch with thin substrate. Therefore, the radiation pattern is mainly dependent on
Here, the fringing width W = L (1.5 − 0.5p) may be obtained from [18] where, p is the aspect ratio (width to length ratio) Therefore, equation (7) may be simplified as This is the orthogonal field component (E y ) radiated from slot A (Fig. 3b) . Therefore, the resultant contribution in radiation due to the orthogonal E y components from slots A and B becomes
The similar contribution can be obtained from slots C and D. The resultant radiation from slots A, B and the same from slots C, D are out of phase as revealed from Fig. 3 . Now, considering the array factor between the pairs of slots (slots A, B and slots C, D), resultant far field orthogonal component (E y ) is as
where L is considered to be approximately equal to λ/2 and the resultant array factor of four corner slots is
Based on equation (10); computed profile for XP radiation level (relative) of a RMA (L = 6 mm, W = 9 mm, ε r = 2.33 with substrate thickness h = 1.575 mm and f = 12.7 GHz) is presented in Fig. 4 . It is evident that the XP radiation peak occurs approximately near 43.5 • in both side near broadside in H plane. The directive gain of the 2 × 2 slot array may be computed from [17] as
where |F| max is the maximum of the array factor in H plane. The directive gain of each corner slots can be computed from the aperture theory as
where A eff = L W
Now, following [18] , the directive gain of the 2×2 planar slot array can be computed as
Based on above, the directive gains of XP radiation and its positions in H plane (ϕ → π/2) for wide variety of patch antennas has been computed and presented in Table-I. It may be noted from the table that at lower frequencies (L and C bands), the theoretical results are in excellent agreement with FEM technique (HFSS simulation [20] ). However, as the frequency shifts toward the higher side of spectrum, the computed results underestimate the simulation results. This is because of non uniform excitation of the slots caused due to significant asymmetry in field distribution between lower and upper half section of the patch in case of high frequency RMA. Moreover, as the resonant frequency increases, the patch dimensions decrease. Therefore, the feeding probe becomes more exposed and hence contributes in XP radiation. This is the reason for shifting the peak XP radiation at higher elevation angle. In fact, the monopole like radiation from probe influences the XP radiation pattern of the RMA. Furthermore, the XP radiation due to surface wave is also significant for high frequency RMAs as the substrate becomes electrically thick. Hence, due to those probe radiations as well as the radiation due to surface wave, XP radiation level becomes higher by approximately 4-5 dB compared to the computed values. The simulated XP patterns for both the low and high frequency RMAs are depicted in fig. 5 . The effect of XP radiation due to its lowest order dominant TM 10 mode as a function of substrate permittivity (ε r ) has been investigated and presented in fig. 6(a) . The resonant frequency in each case has also been incorporated in the same plot for clear understanding. Both the simulated and computed XP gain are in excellent agreement with each other as revealed from the figure. It is found that as substrate permittivity (ε r ) increases for a specific RMA (L = 12 mm, W = 18 mm, h = 1.575 mm); resonant frequency decreases. Therefore, resonant resistance at the patch edge also decreases [16] . This in turn, shifts the optimum 50 ohm point away from patch centre [16] and hence brings symmetry in electric field distribution over the substrate between lower and upper half section of the patch. Consequently, XP radiation performance improves. The effect of substrate electrical thickness (h/λ) on XP radiation for another patch (L = 20 mm, W = 30 mm, ε r = 2.33) has been depicted in Fig. 6(b) . The simulated XP radiation level is in close agreement with computed one in each case. In this case, resonant frequency decreases as h/λ increases. On the contrary, XP radiation increases. In fact, the fringing increases with the thickness of the substrate. Therefore, this wide fringing helps in excitation as well as the radiation from the corner slots efficiently which in turn enhances the XP radiation from the patch. Furthermore, the XP radiation due to surface wave at electrically thicker substrate may also be attributed for this degradation of polarization purity of the patch. Therefore, it may be concluded that, the asymmetry in field distribution between lower and upper half section of the patch in the widely used substrate (h/λ < 0.03) is the key source of XP radiation especially for high frequency patches as discussed in the first section of the theory and also clear from fig. 2 .
III. T-SHAPED MICROSTRIP ANTENNA
In the present investigation, instead of minimizing the fields at the non radiating edges, efforts have been given to redistribute the field more near the non radiating edges in order to attain uniform distribution between the upper and lower half section of the patch. From section II, it is observed that the fields are widely distributed at the lower section of the patch while the same is not true in the upper half section of the patch for a high frequency RMA. Therefore, in order to bring symmetry of field distribution between lower and upper half section of the patch in case of a high frequency RMA, a copper strip of dimensions L 1 × W 1 mm 2 has been attached with the upper radiating edge of the patch of dimensions FIGURE 9. Reflection coefficient profile for the proposed structure (T shaped microstrip antenna) and its equivalent conventional RMA. (Proposed structure: L = 6 mm, with W = 9 mm, L 1 = 3 mm, W 1 = 13 mm, ε r = 2.33, height h = 1.575 mm, Equivalent conventional RMA: L = 9 mm, with W = 14 mm, ε r = 2.33, height h = 1.575 mm).
6 × 9 mm 2 . Initially during simulations, value of W 1 was taken slightly larger than that of W . Later, the optimized value of W 1 was found as 13 mm. Fig. 7 shows the effect of L 1 on the XP radiation pattern of the RMA. It is evident from fig. 7 that with the increase in the length L 1 of strip, level of XP radiation from the RMA decreases. The optimized value of L 1 is 3 mm. It was observed that for value of L 1 beyond 3 mm there is no noteworthy improvement in XP performance. Therefore, finally the dimensions of the strip has been taken as 3 × 13 mm 2 . Therefore, it gives birth to our proposed T shaped microstrip antenna or thick strip loaded microstrip antenna (Fig. 8 (a) ).
In fabrication, a thin copper strip of length L = 6 mm, width W = 9 mm is utilized for the construction of the patch. PTFE substrate of ε r = 2.33, is used as substrate over 50 × 50 mm 2 ground plane. Now another copper strip of length L 1 = 3 mm, width W 1 = 13 mm is coupled at the upper side of 6 × 9 mm 2 patch as shown in Fig. 8 (a) . For fabrication of the patch, initially a copper strip of length 9 mm and width 13 mm is considered. Then a pair of slots (of dimensions 6 × 2 mm 2 ) is cut from the lower section of non-radiating edges as shown in fig. 8(b) . This is done to avoid soldering between patch and the thick strip. Therefore, the resulting structure becomes fully planar and also easy to fabricate. The close up photograph of the fabricated patch is documented in fig. 8(c) . A conventional patch has also been designed with L = 9 mm, width W = 14 mm on same substrate and ground plane. The conventional patch dimensions are chosen in such a way that, both the structures can resonate at similar frequency.
IV. RESULTS AND DISCUSSIONS
The simulated [20] and measured results obtained for the proposed T-shaped microstrip antenna as well as equivalent conventional RMA are presented in this section. Here, both antennas are excited by a SMA connector. The conventional RMA and proposed antenna are fed at 2 mm and 2.8 mm from the centre of each patch respectively. Fig. 9 shows the measured and simulated reflection coefficient profile for both conventional RMA and proposed antenna. Both the antennas are resonating near 9 GHz. The resonant frequency for proposed antenna is 8.98 GHz while the equivalent conventional RMA resonates at 9.01 GHz. Slight disagreement in measured and simulated results may be due to fabrication error. However, a good agreement between both the prototypes in terms of resonant frequency is revealed from Fig. 9 . It may be noted that the active patch area in case of proposed structure is 35% reduced than the equivalent conventional structure. This is due to the slight increment of current path length due to the wider radiating edge at the upper section of the patch. Fig. 8 ). Fig. 10 shows the complete H plane radiation characteristic for both the prototypes. In each cases, simulation results are incorporated with the measurement results for validation. Both simulation and measured results exhibit excellent agreement amongst them. The measured gain of the proposed antenna is 6.11 dBi ( f = 8.98 GHz) while the same for conventional patch is 6.65 dBi (f = 9.01 GHz). It is found that the simulated gains in both the cases are around 1 dB higher than the measured results. Cable, connectors and other associated losses may be attributed for the same. Nevertheless, the CP-XP isolation in case of proposed patch structure is much better than the conventional patch structure. It is found from fig. 10 that the CP-XP isolation is around 21 dB in case of proposed structure, while the same for conventional patch is only 11 dB. Therefore, around 10 dB of XP radiation suppression is evident from the proposed structure, as revealed from fig. 10 . Unlike defected ground structure, in case of proposed patch, there is no back radiation in terms of XP polar fields. Hence, around 90% improvement (in dB scale) in polarization purity is revealed from proposed single layer planar structure. As the E plane XP radiation is always insignificant and very low, we refrain from giving the E plane characteristics for brevity. However, there is no such improvement or degradation is noted in E plane XP radiation compared to conventional patch structure. Now, for further corroboration of the proposed theory, the simulated electric field distribution over the substrate for both the structures has been depicted in fig. 11 . It is clear from the figure that there is significant asymmetry in field distribution between lower and upper half section of the patch in case of conventional RMA. On the contrary, the proposed T-shaped microstrip antenna brings excellent symmetry in field distribution between lower and upper half section of the patch while resonating at same frequency like equivalent conventional RMA.
In order to investigate the versatility of the proposed structure, similar configurations are also employed in lower frequency range with different dimension and different dielectric substrate through simulations though not shown in the paper. In each cases, the CP-XP isolation of the proposed structure in H plane is much improved compared to its equivalent conventional patch structure. Therefore, the present structure seems to be very versatile, simple, single layer planar structure which can be adopted for improved CP-XP isolation.
V. CONCLUSIONS
The fundamental effect of dominant TM 10 mode in contributing XP radiation in RMA has been investigated thoroughly. A quick hand relation is established to find the peak cross polar radiation in H plane for such antenna. Based on the theoretical discussions, a simple single layer planar compact T shaped microstrip antenna or thick strip loaded antenna is proposed for high CP-XP isolation over wide angular range. The proposed antenna structure will surely be helpful for antenna community and finds potential applications in the fields of modern wireless communications where, high cross polar radiation is a major limitation over wide angular range.
